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ABSTRACT 
One of the most common curing methods for conventional concrete is external curing. 
Surface evaporation is a process that dries concrete pavement and decreases the cement hydration 
rate. External curing keeps the surface moist and mitigates surface drying by evaporation, thus 
enhancing surface cement hydration. Internal curing is a comparatively recent method to increase 
the duration of cement hydration by using various internal water reservoirs without changing the 
water cement ratio and fresh concrete properties in a concrete mixture. This method has been 
developed mainly to improve concrete durability and decrease shrinkage in concrete structures. In 
this study, Lightweight Fine Aggregate (LWFA) has been used as internal water reservoirs in new 
mixtures design applied to two county roads in Iowa. A testing regime including compressive, and 
tensile strength, modulus of elasticity, surface resistivity, calorimetry, and scanning electron 
microscopy has been applied to evaluate using LWFA. In the field, a Decagon 5TE sensor was 
used to measure the relative permittivity and temperature of the concrete materials after 
construction. The laboratory and field results showed using LWFA improved the mechanical and 
potential durability properties of concrete and prolong the cement hydration. At the time of its 
construction, using LWFA in the project was considered and various advantages and disadvantages 
are evaluated through the Five Dimensions of Project Management framework (5DPM) in 
comparison with the traditional concrete paving method. Cost and Finance analysis present that 
the main disadvantage of using LWFA is that it will increase initial costs up to 3.2%, while the 




CHAPTER 1.    INTRODUCTION 
Early age cracking and permeability can strongly influence long term performance of 
concrete structures and pavements (Barri et al., 2020). Internal Curing (IC) technology has been 
presented as a potential tool to improve concrete strength, durability, and resistance to early age 
cracking (Cusson and Hoogeveen, 2008; Schlitter et al., 2010). 
Internal curing is defined as providing water to cementitious material at early ages through 
an internal water reservoir such as a saturated lightweight aggregate, to improve its degree of 
hydration and replace moisture lost from self-desiccation or evaporation (American Concrete 
Institute, 2013).  
Paul Kleiger (1957) is most likely the first researcher to reveal that extra water could be 
supplied during hydration using lightweight aggregates capable of absorbing water. He discussed 
how lightweight aggregate could improve the degree of hydration and thereby improve the strength 
and other mechanical properties of concrete. Weiss et al. (2012) also discussed that with the 
internal curing technique, water can be evenly distributed within the concrete sample. However, 
Robert Philleo (1991) discussed that utilization of lightweight aggregate in high strength concrete 
could negatively impact the mechanical properties of the mixture.  
Over the past 30 years, various researchers around Europe (Weber and Reinhardt, 1999; 
van Breugel et al., 1998), and in the Middle East and Israel (Bentur et al., 1999), have been 
studying the impact of using saturated lightweight aggregates, superabsorbent polymers (SAP) 
(Jensen and Hansen, 2001; Jensen and Hansen, 2002), and pre-wetted wood fibers (Mohr et al., 
2005) for internal curing. In the U.S. some have begun using saturated lightweight aggregates as 
a source of water in concrete samples, leading researchers to begin investigating the impact of 




The beneficial effects of internal curing are especially apparent when it is used in mixtures 
with a water-to-cement ratio lower than 0.42 (De la Varga et al., 2014; Justs et al., 2015), where 
the risk of desiccation is high and external water cannot easily penetrate into the concrete. 
The advantages of internally cured concrete over conventionally cured concrete include 
improved degree of hydration that has a direct impact on improving microstructural properties of 
cement paste (Espinoza-Hijazin and Lopez, 2011; Bentz and Snyder, 1999). Improving hydration 
improves the Interfacial Transition Zone (ITZ) (Wei et al., 2016; Bentz and Stutzman 2008; Sun 
et al., 2015). Improving hydration increases concrete strength and durability (Kevern and 
Nowasell, 2018; Ismail et al., 2017), and reduces concrete shrinkage, which in turn decreases risk 
of shrinkage cracking (Shen et al., 2016; Hartman et al., 2014; Shen et al., 2015; Wyrzykowski 
and Lura, 2014).  Reported decreased permeability improves concrete resistance to environmental 
attack (De la Varga et al., 2014; Bentz et al., 2014). Internal curing method decreases elastic 
properties of concrete (Dilli et al., 2015; Shen et al., 2016) and thermal and moisture gradients, 
thereby decreasing slab curing and warping (Amirkhanian and Roesler. 2017; Byard et al., 2014). 
Using Lightweight Fine Aggregate (LWFA) produced by heating rock has been 
demonstrated as an effective means of obtaining internal curing (Weber and Reinhardt, 1997; 
Savva and Petrou, 2018; Ma et al., 2019; Akhnoukh, 2018). Total porosity and pore size 
distribution in the aggregate also influence how much water can be held by the material and when 
it can be released back into the mixture.  Suggested performance limits have been suggested by 
Trtik and Weiss (Trtik et al., 2011). 
The LWFA must be close to saturation before batching (Lura et al., 2006). The aim of this 
creative component was to investigate the impact of internally cured concrete paving on concrete 




investigation and field implementation of internally cured concrete for Iowa pavement systems, 
and it had the primary objective of performing a full-scale field demonstration of IC technology 
and its performance in rural roadways. Two project construction sites were identified for the field 
demonstrations, and samples of the mixtures were taken at the time of placement and sent to the 
laboratory for testing.  
The sites selected were overlays under construction at W61 Riverside Road in Washington 
County, Iowa, and County Road W34 in Winneshiek County, Iowa.  A number of sensors were 
embedded in the concrete slabs to monitor internal moisture and temperature over time, and 
periodic measurements were taken throughout the year to observe the slabs’ dimensional stability. 
Similar mixtures using the same materials were also prepared in the laboratory for additional 
testing. Both laboratory and field results are presented and discussed.  
A project depends on the techniques and efforts undertaken to deliver a result. Therefore, 
it is desirable to evaluate the project from various perspectives including processes and steps. This 
creative component examines the impacts, advantages, and disadvantages of using LWFA. The 
Five-Dimensional (5D) Analysis considers the dimensions of context, scheduling, cost, technical, 
and finance during the development of a new construction process. Simply put, the 5D Analysis 




CHAPTER 2.    METHODS AND MATERIALS  
Type I portland cement (ASTM C150) and Class C fly ash (ASTM C618) were used for 
preparation of both the control and the internal curing mixtures for both Washington and 
Winneshiek sites. Crushed limestone of one-inch Nominal Maximum Aggregate Size (NMAS) 
was used as coarse aggregate and river sand was used as fine aggregate. 
Proportions of all mixtures are shown in Table 1. For the IC mixtures, about 20% of the 
volume of fine aggregate was replaced by LWFA to provide about 7% internal curing water by 
mass of cementitious materials (Schlitter et al., 2010). DARAVAIR 1400 was used for air 
entraining, and WRDA 82 as a water reducer. 
Table 1. Mixture Proportions (lbs./cy) 
Material 







Cement 457 457 474 474 
Fly Ash 114 114 119 119 
Slag 0 0 0 0 
Water 246 246 255 255 
Fine Agg. 1376 965 1489 960 
LightWeight Fine Agg. * 0 330 0 343 
Coarse Agg. 1672 1672 1539 1539 
Air Entrainment (oz./cy) 2.4 2.4 5.8 5.8 
Water Reducer (oz./cwt) 3.0 3.0 3.5 3.5 
*The LWFA was saturated prior the mixing day for 72 hours and drained for 24 hours  
 
A Decagon 5TE sensor was used in this work to measure relative permittivity of the 
concrete materials. In the field, the sensor was embedded facing in the same direction as the traffic, 
horizontally, with at least a 1 in. cover. Figure 1 shows the sensor installation and the traffic flow 





Figure 1. Decagon 5TE sensor installation direction schematic 
 
For both Washington and Winneshiek Counties, fresh concrete tests were conducted in the 
field, and 25 samples were taken from each section of ICC and Control Concrete (CC). 














CHAPTER 3.    RESULTS AND DISCUSSION  
Laboratory Test Results 
Compressive Strength 
Table 2 shows results of compressive strength tests of laboratory samples, with the data 
representing an average of three samples.  
Table 2. Compressive Strength Test Results (psi) 
Age (days) 







7 3100 3130 3060 3040 
28 3450 4040 4600 4630 
90 4820 5810 6520 6800 
 
Figure 2 was constructed from data of Table 2. Using LWFA appeared to improve the 
compressive strength of both mixture designs, albeit to a greater extent in the Washington County 
mixture.  
 





Splitting Tensile Strength 
Table 3 shows results of splitting tensile strength tests of laboratory samples.  The data 
represent an average of three samples. 
Table 3. Splitting Tensile Strength Test Results (psi) 
Age (days) 







7 480 570 490 540 
28 580 700 560 650 
90 800 980 790 840 
 
Previous studies have shown that mixtures with LWFA increase the degree of hydration of 
the paste, therefore internal curing could increase the compressive and tensile strength (Bentz and 
Weiss, 2011). Previous studies have shown that there is a relationship between compressive 
strength and tensile strength, and Equation (1) shows the expected range of flexural strength (fr) 
based on the compressive strength (fc) of samples (Mindess et al., 2003). 
0.11 𝑓𝑐 < 𝑓𝑟 < 0.23 𝑓𝑐  (𝑝𝑠𝑖)         (1) 
Table 3 shows that the splitting tensile strengths of the laboratory mixtures are in the range 





Figure 3. Splitting Tensile Strength Test Results (psi) 
 
Modulus of Elasticity 
Table 4 shows results of modulus of elasticity tests of laboratory samples. The data 
represent an average of three samples. 
Table 4. Modulus of Elasticity Test Results (kpsi) 
Age (days) 







7 3290 3280 3010 2950 
28 3710 3650 3890 3790 
90 3990 3740 3970 3840 
 
Figure 4 shows modulus of elasticity data plotted against the compressive strength and, as 





Figure 4. Modulus of Elasticity Test Results (kpsi) 
 
Surface Resistivity 
Table 5 shows results of surface resistivity tests of laboratory samples. The data represent 
an average of three samples. 
Table 5. Surface Resistivity Test Results (kΩ.cm) 
Age (days) 







7 6 5 9 8 
28 9 11 16 17 
90 21 26 33 36 
 









































Figure 5. Surface Resistivity Test Results (kΩ.cm) 
 
At the age of seven days, all ICC samples exhibited surface resistivity similar to their 
equivalent CC samples; however, using LWFA increased the surface resistivity at the age of 90 
days, most likely due to improved hydration. 
Calorimetry  
The calorimetry test tracks the concrete sample temperature over the first 72 hours and 
indicates the degree of hydration, and the average of two samples is shown for each of the four 





Figure 6. Calorimetry Strength Test Results (psi) 
 
Previous studies have shown that the release of internal curing water increases cementing 
material hydration, in turn increasing concrete temperature (Byard et al., 2012). For both the 
Washington and Winneshiek mixture designs, the IC mixtures exhibited higher temperatures than 





Scanning Electron Microscopy (SEM)  
Figure 7 shows SEM pictures for Washington ICC and CC mixture samples with LWFA 
and without LWFA at age of 28 days. 
 
(28 Days without LWFA) 
 
(28 Days with LWFA) 
Figure 7. SEM Images 
 
Figure 8 shows SEM pictures for Winneshiek mixture design ICC and CC samples with 





(28 Days without LWFA) 
 
(28 Days with LWFA) 
Figure 8. SEM Images 
 
SEM results are shown for surface sections approximately 1 mm wide. Table 6 shows the 
un-reacted cement percentage for each sample. Assuming that all the light gray particles are non-
reacted cement and the darker gray sections are hydrated paste, image processing was used to 
produce a binary picture to calculate the area and percentage of un-reacted cement in each image. 




Table 6. Scanning Electron Microscopy Test Results (% of un-reacted cement) 
Age (days) 







7 7.9% 6.3% 7.6% 6.7% 
28 6.1% 5.1% 6.3% 5.2% 






Field Test Results 
Temperature Data 
Table 7 shows the sensor positions for both ICC and CC sections. 




ICC-1 Internal Curing 1 in 
ICC-5.5 Internal Curing 5.5 in 
ICC-7 Internal Curing 7 in 
CC-1 Control Section 1 in 
CC-5.5 Control Section 5.5 in 
CC-7 Control Section 7 in 
 
Figure 9 shows the temperatures at depths of 1 inch and 5.5 inches below the pavement 






























Figure 9. Concrete Temperature Data for Washington 
 
Figure 10 shows the maximum daytime temperature and the minimum nighttime 
temperature for both ICC and CC sections at the depth of 5.5 in from the pavement surface one 
month after construction. 
 




























Figure 10 shows that the ICC section exhibits a higher temperature than the CC section one 
month after the construction, reflecting enhanced hydration during this period. Figure 11 presents 
the difference in concrete temperature between the ICC and CC sections for one month after the 
construction. The solid line presents the ICC sensor temperature minus CC sensor temperature at 
depth of 5.5 inches from the pavement surface, and the dash line represents the ICC sensor 
temperature minus CC sensor temperature at depth of 1 inch from the pavement surface. 
 
Figure 11. Concrete Slab Top and Bottom Temperature Difference for Washington ICC and CC 
Section 
 
The pavement sensors showed that at the beginning of construction, in the ICC section the 
temperature at a depth of 1 in from the surface is four degrees Celsius higher than that of the CC 
section. As expected, the figure shows more variation in the temperature sensor data at a 1 in depth 




to two-degree higher temperature for ICC than for CC during the first two weeks, decreasing as 


































Figure 13. Concrete Slab Temperature at Days and Nights Winneshiek County 
 
 































Since the 5TE sensors measured permittivity, the data was calibrated for both mixtures 
using data published by Vosoughi et al. (2017.a). Figure 15 shows the percentage of water content 
(m3/100 m3) for Washington County ICC and CC sections based on the data collected from 5TE 
sensors at depths 1 in and 7 below the pavement surface. 
 
Figure 15. Concrete Slab Moisture Data for Washington 
 
One week after pavement construction, in the ICC section the water content was 
approximately 4.98 m3/100 m3, while the water content in CC section was about 1.78  m3/100 m3. 
Figure 16 shows the water content (m3/100 m3) at depths 1 in and 7 below the pavement surface 



































Figure 16. Concrete Slab Moisture Data for Winneshiek 
 
One week after pavement construction, in the ICC section the water content is 





































CHAPTER 4.    FIVE-DIMENSIONAL ANALYSIS  
Complexity Measurement 
For both internally cured and control sections in local counties’ pavement construction, it 
was desirable to identify and understand project advantages and disadvantages, i.e., how various 
interrelated project factors can affect the overall difficulty of completing a project (Baccarini, 
1996; Vidal and Marle, 2008). Project complexity can be broken down into five different 
dimensions known as the “Five Dimensions of Project Management” (5DPM) to evaluate the 
advantages and disadvantages of internal curing method. The dimensions are cost, schedule, 
context, technical, and finance (Gransberg et al., 2013). The following sections give details about 
how each of these factors contributed to the overall complexity of the Washington and Winneshiek 
County pavement construction projects. 
 Context 
Context includes project factors not directly accounted for in the scope of the project, 
including cultural, environmental, political, or social issues surrounding the project in both 
planning and construction phases (Shane et al., 2015). Some surrounding issues that increases 
context complexity for any concrete pavement are climate condition during construction and the 
limited number of LWFA mines and transportation distance for materials. For instance, the LWFA 
mines for this project were in Kansas however the course and normal fine aggregates sources are 
in Iowa. While using LWFA in the Washington and Winneshiek counties have transportation 
disadvantages, just for the LWFA, using LWFA can increases durability and lower maintenance 
costs, factors having positive effects for decision makers and stake holders who would possibly 





Scheduling includes project factors that can affect the calendar-driven aspects of the 
project, including deadlines, milestones, and events such as inclement weather that can cause 
delays (Gransberg et al., 2013; Shane et al., 2015). Schedule density and delay risks are also 
possible issues that can result in construction-schedule differences between the ICC section and 
the CC section. A contractor will face construction-schedule challenges after using LWFA because 
aggregate must be saturated surface dried and therefore, must be saturated for three days before 
the construction day and then drained for 24 hours. Therefore, using LWFA somewhat increases 
the complexity level of the project. 
Cost 
Cost refers to factors that affect the overall price of the project, such as the estimated cost 
of the project, the risk and uncertainty in the cost of the project, and associated cost contingencies 
(Shane et al., 2015). While a disadvantage of using LWFA is that it will increase initial costs, the 
main advantages of using LWFA is lower future maintenance costs.  
Some studies have compared the initial construction cost of concrete pavements with and 
without using LWFA. In Iowa, for example, Vosoughi et al., (2017.b) showed that initial 
construction costs of ICC pavements are about 3.2% more on average than the initial construction 
costs of the CC pavements of the same thickness. 
In this project, 30% of sand had been replaced by an equal volume of LWFA. The 
respective cost of sand and LWFA were estimated to be $24/yd3 and $54/yd3 including material, 
transportation, and the pre-saturation and preparation costs in Washington and Winneshiek 
Counties. Equation 2 estimates the initial construction cost of the concrete pavement and includes 




𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑚𝑖𝑙𝑒 ×
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑎𝑣𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑚𝑖𝑙𝑒        (2) 
The total construction length for Washington County is 3.9 miles and for Winneshiek County is 
4.3 miles. Table 8 lists the total life cycle cost of the pavement construction in Washington and 
Winneshiek counties, showing that the initial cost of using LWFA is 3.5% higher in Washington 
County and 3.2% higher in Winneshiek County. 
Table 8. Pavement Construction Cost 
Total Life Cycle Cost  Washington County Winneshiek County 
CC pavement ($/yd2) $27 30 
ICC pavement ($/yd2) $28 31 
CC pavement ($/mile) $443,520 $528,000 
ICC pavement ($/mile) $459,947 $545,600 
 
In this study it is assumed the unit maintenance cost would be the same per yd2 for 
Washington and Winneshiek County for both ICC and CC sections. When surface restoration is 
needed, diamond grinding can be performed at an estimated cost of $3 per yd2 (Vosoughi et al., 
2017.b). The total diamond grinding cost would be $49,280 per mile for Washington County, and 
$52,800 per mile for Winneshiek County. On the other hand, if 2% of the pavement surface 
requires patching cost $10 per yd2 (Vosoughi et al., 2017.b), over the entire pavement surface, the 
patching cost evaluation would be $164,267 per mile for Washington County and $176,000 per 
mile for Winneshiek County. 
Vosoughi et al., (2017.b) demonstrated a life expectancy of 60 years can be achieved by 
significant maintenance at 20-year interval. Internal curing method significantly reduces the 
chlorides penetration in concrete pavement and therefore, Cusson et al. (2010) estimated that the 




maintenance investments for an ICC section would be required every 27 years and expected 
pavement life would be extended to 81 years.  
An analysis by Rao and Darter (2013) estimated that using LWFA reduces the maintenance 
cost of concrete pavement by 15%. In this study the Net Present Value and Equivalent Annual 
Annuity of the initial construction cost and maintenance cost for both ICC and CC section will be 
calculated and compared. 
Economic analysis includes cost, time, and discount rate to calculate Net Present Value 
and Equivalent Annual Annuity, as shown in Equation 3 and 4 (Newnan, 2004). 
Net Present Value =
𝑁𝑒𝑡 𝐹𝑢𝑡𝑢𝑟𝑒 𝑉𝑎𝑙𝑢𝑒
(1+r)𝑛
      (3) 
Equivalent Annual Annuity =
𝑟×𝑁𝑒𝑡 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒
1−(1+r)−𝑛
     (4) 
where r is the expected rate of return, and n is the number of years of the road life expectancy. In 
this study the expected rate of return was taken as 4% (Sompura and Avetisyan, 2017), as reflected 
in Table 9. 
















Every 20 years 
$584,460 
$25,878 





Every 27 years 
$544,732 
$22,738 





Every 20 years 
$680,078 
$30,061 





Every 27 years 
$636,441 
$26,566 





Table 9 shows that using LWFA increased the initial cost by 3.2%.However after 
considering the service life extension and the maintenance cost, the Equivalent Annual Annuity 
per mile showed lower total life cycle cost of the pavement construction, including maintenance, 
by 13.81% for Washington County and 13.16% for Winneshiek County. Therefore, using LWFA 
lower the total pavement construction cost by $40,727 per mile in Washington County and $43,637 
per mile in Winneshiek County.  
Technical  
Technical includes technical factors that affect the design of the project, including 
engineering requirements, design codes, performance criteria, and implementing new technology 
(Gransberg et al., 2013). The technical factors for this project were scope, implementing new 
technology, and the performance criteria. One of the advantages of using LWFA in concrete 
construction is concrete hydration improvement during and after the construction. One of the 
technical disadvantages of using LWFA is challenges for contractors who may need to invest 
additional effort to research how to develop an acceptable mixture design using LWFA.  
Finance 
Finance considerations include providing funding and support for the project such as 
selecting the type of funding, and engaging other entities in financing, such as public and private 
partners, and commodity-based hedging partners (Shane et al., 2015). Concrete pavement future 
maintenance costs should preferably be planned before construction; therefore, future maintenance 
cost should be an important decision factor. Using LWFA has higher 3.2% initial cost and that 
could be considered as a disadvantage due to limited availability of funding and the resources; 




CHAPTER 5.    CONCLUSION 
Laboratory and field results show that using LWFA resulted in concrete hydration 
improvement for about one month after construction, and this hydration improvement improved 
the mechanical and potential durability properties of concrete such as compressive strength, tensile 
strength, and electrical resistivity in the ICC sections.  
• Both compressive strength and tensile strength of all ages were improved by 10% to 20% 
using LWFA. 
• Using LWFA resulted in an improvement in surface resistivity by between 10% and 30%.  
• Concrete temperature and water content monitoring also showed that using LWFA 
improved concrete hydration.  
SEM image analysis showed that LWFA reduced the amount of un-reacted cement by 
almost 2% at an age of 28 days. 
Using LWFA in ICC sections has both disadvantages and some advantages when compared 
to CC sections. Five-Dimensional analysis was used to compare the ICC and CC pros and cons in 
five different categories: context, scheduling, cost, technical, and finance.  
• In the context analysis section, the limited number of sources and longer transportation 
distances in this case are the disadvantages of using LWFA, while decision maker and stake 
holder support for using LWFA (due to lower expected life cycle costs) is one of the main 
advantages. However, using LWFA showed some disadvantages in the scheduling analysis 
section and somewhat increases the complexity level of the project. 
• Technical analysis shows a disadvantage of using LWFA is possible challenges in 
developing a mixture design. As LFWA is introduced, there will be a learning process as 




analysis indicated that a disadvantage of using LWFA is that it estimated increase initial 
costs approximately to 3.2%, while an advantage of using LWFA is lowering the total life 
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